Background/Aims: Cardiovascular disease is the major cause of death in patients with chronic kidney disease (CKD). Rats with adenine-induced chronic renal failure (ACRF) develop severe renal insufficiency and metabolic abnormalities that closely resemble those in patients with uremia. The aim of the present study was to determine left ventricular (LV) morphology and function in rats with ACRF. Methods: Male Sprague-Dawley rats received either chow containing adenine or were pair-fed an identical diet without adenine (controls, C). After 9-13 weeks animals were anesthetized with isoflurane and cardiac function was assessed both by echocardiography and by LV catheterization. Results: Rats with ACRF showed increases in serum creatinine (323±107 vs. 33±5 µM, P<0.05), mean arterial pressure (115±6 vs. 106±7 mmHg, P<0.05) and LV weight (3.4±0.3 vs. 2.5±0.2 mg/kg, P<0.05) vs. controls. Rats with ACRF had reduced early diastolic tissue Doppler velocities in the LV, enlarged left atrial diameter (4.8±0.8 vs. 3.5±0.4 mm, P<0.05) and elevated LV end-diastolic pressure (15±5 vs. 8±1 mmHg, P<0.01). Cardiac output was increased in ACRF rats (211±66 vs. 149±24 ml/min, P<0.05) and systolic function preserved. In the LV of ACRF rats there were statistically significant (P<0.05) increases in cardiomyocyte diameter, proliferation and apoptosis, while there was no difference between groups in fibrosis. Conclusion: Rats with ACRF develop LV hypertrophy and diastolic
Introduction
Cardiovascular (CV) disease is the major cause of morbidity and mortality in patients with chronic kidney disease (CKD) [1] . There is a graded and inverse relationship between estimated glomerular filtration rate (GFR) and CV risk that is apparent already when GFR falls below 60 ml/min/1.73m
2 [2] . The majority of CKD patients die from CV events before developing end-stage renal disease [3] . Interestingly, traditional CV risk factors such as hypertension and hyperlipidemia do not appear to be equally important in CKD patients as in the general population [4] . Instead, non-traditional risk factors specifically related to CKD, such as vascular calcifications, hypervolemia, and electrolyte disorders may be more important [4] . A relevant animal model would be of much use to investigate the pathophysiological mechanisms leading to CV disease in CKD.
For this purpose, we have developed a model of severe chronic renal failure in SpragueDawley rats by feeding animals with chow supplemented with adenine [5] , i.e. adenineinduced chronic renal failure (ACRF). These rats develop tubulointerstitial kidney injury [6] and a pronounced reduction in GFR to about 10% of values in healthy controls [5, 7] . In addition, rats with ACRF develop hypertension, disordered mineral metabolism with secondary hyperparathyroidism, elevated oxidative stress, and an increased aortic pulse wave velocity (PWV) [5] . Due to its resemblance with the uremic syndrome in patients, we consider this model promising for examining pathophysiological mechanisms that cause CV disease in CKD.
The aim of the present study was to determine the effects of ACRF on cardiac morphology and function in rats and to examine mechanisms causing cardiac abnormalities. We hypothesized that this animal model could be well suited for analyzing pathophysiological mechanisms in chronic renocardiac syndromes.
Materials and Methods

General Procedures
Fifty-six male Sprague-Dawley rats (Harlan, Horst, The Netherlands) weighing ~300 g were used and housed in rooms with a controlled temperature of 24-26°C and a 12:12-h dark-light cycle. Chronic renal failure was produced by feeding animals with chow containing adenine as previously described [5] using a modification of protocols employed by other investigators [7] [8] [9] . Longitudinal data on body weight, water intake, plasma creatinine concentrations and blood pressure (BP) in this model have been published previously [5] . At study start (i.e., day one of the study), all animals were randomized to, and provided with, standard pelleted rat chow containing adenine (adenine-induced ACRF, n =28) or identical chow without adenine (pair-fed controls, n =28). The chow (R34, Lantmännen, Kimstad, Sweden) contained 0.63% phosphorous, 0.74% calcium, 0.53% potassium, and 0.22% sodium. The concentration of adenine in the chow was 0.5% for the first 3 weeks followed by 0.3% for 2 weeks and 0.15%, thereafter, until animals were sacrificed. As pilot studies revealed a reduced food intake in animals consuming adenine-containing chow, controls were pair-fed and received their daily ration of chow once daily in the morning. Rats had free access to tap water throughout the study. Chemicals were from Sigma (St. Louis, MO, USA) if not stated otherwise. All experiments were approved by the regional ethics committee in Gothenburg, Sweden.
Study group A (n = 10 per group), LV function and fibrosis Echocardiography (group A)
. Echocardiography was performed 9 weeks after study start. Rats were anesthetized with isoflurane (Pharmacia & Upjohn, Stockholm, Sweden) mixed with air during spontaneous breathing by using a vaporizer (Univentor-1200, Agnthos, Lidingö, Sweden). For induction and maintenance of anesthesia isoflurane concentrations of approximately 5 % and 1.5 % (vol/vol), respectively, were used. The thorax was carefully shaved and rats were placed on an electrical heating pad to maintain a rectal temperature of 37° C throughout. After the echocardiographic examination rats were allowed to wake up and were returned to their cages. Echocardiography was performed using a high-frequency 12-MHz phased-array transducer (P12-5, Philip Medical System, Best, The Netherlands) connected to an ultrasound system (HDI 5000 ATL, Philip Medical System) as previously described [10] . Short axis 2-D views of the left ventricle (LV) at the papillary muscle level were used to obtain M-mode targeted recordings. Stroke volume was determined by pulsed wave Doppler obtained from the five-chamber apical view. Apical four chamber views were obtained for Doppler recordings of mitral blood flow velocities, rendering E (during early filling) and A (during atrial contraction). In addition, tissue velocities were registered at the basal lateral, and basal septal, left ventricular walls during peak systole (s), early diastole (e) and at atrial contraction (a). Left ventricular end-diastolic diameter (LVEDd), LV end-systolic diameter (LVESd), and LV wall dimensions were measured in accordance with the leading-edge method of the American Society of Echocardiography [11] . Fractional shortening (FS) was calculated as FS = [(LVEDd -LVESd) / LVEDd] x 100.
Data were stored on an optical disk and analyzed offline with software (Echo-Pac, Vingmed, Horten, Norway) by one investigator (C. W. G.) blinded to the animals' identity. Average values for each variable were based on analyses of at least three consecutive cardiac cycles.
Left ventricular pressures and plasma analyses (group A)
. Experiments were performed 12-13 weeks after study start as previously described [12] . Rats were anaesthetized with isoflurane and rectal temperature was kept at 37° C throughout. Isotonic saline was infused throughout in a volume of 6 ml/kg/h to replace fluid losses. Through the right femoral artery and left carotid artery two ultra-miniature fiber optic pressure sensors (Samba preclin 420, sensor diameter 0.42 mm, Harvard Apparatus Ltd., Edenbridge, Kent, UK) were placed in the distal abdominal aorta at the level of the aortic bifurcation, and in the ascending aorta immediately above the aortic valve. These sensors were used for aortic pulse wave analysis and measurements of aortic PWV and LV pressures applying a sampling frequency of 1000 Hz. The results on aortic pulse wave analysis and PWV from these experiments have previously been published [12] . In the present study only BP data from the ascending aorta and the LV will be presented. A third arterial catheter (PE 50) was placed in the left femoral artery for continuous BP monitoring throughout. Immediately after catheterization of the left femoral artery a blood sample of approximately 0.4 ml was taken and replaced by an equivalent volume of 4 % bovine serum albumin in isotonic saline. Following centrifugation plasma was stored at -20° C until analyzed. After a 15 min equilibration period, baseline recordings of aortic BPs were performed during 5 minutes. Subsequently, the proximal aortic pressure sensor was gently inserted into the LV for recording of pressure. Thereafter, rats were killed by an overdose of pentobarbital sodium and the heart was immediately excised, separated into the LV and the free wall of the right ventricle, and weighed.
Aortic and LV pressure data were collected and analyzed by the Biopac MP 150 system (Biopac Systems, Santa Barbara, CA, USA) using the data acquisition software AcqKnowledge. From the data recorded, heart rate, systolic BP, MAP, diastolic BP, and pulse pressure were extracted in real-time. Left ventricular pressure variables were derived by post-processing of the data using the built-in routines in AcqKnowledge. Left ventricular end-diastolic pressure was determined by identifying the peak of the second derivative of the pressure curve during each pressure waveform. Results were derived from all pressure waveforms during 4-6 consecutive respiratory cycles (corresponding to approximately 25-40 pressure waveforms) for each animal and average values are presented.
Left ventricular fibrosis (group A). The LV was immediately immersion fixed in 4% neutrally buffered formaldehyde (Histolab Products AB, Gothenburg, Sweden) for 5-7 days after which it was stored in 70% ethanol at 4° C until further processing. Subsequently, the LV was cut transversally into base, middle, and apical parts and was dehydrated and embedded in paraffin. Using routine techniques, 3-μm thick transverse sections were prepared and stained with hematoxylin and eosin, or Picrosirius red.
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Morphometric analyses of LV fibrosis were performed as previously described in detail [13] . In brief, images of sections stained with Picrosirius red were derived using an Olympus BX60 microscope (camera Olympus DP72) and the imaging software cellSens (Olympus). The imaging software BioPix iQ 2.0 (BioPix, Gothenburg, Sweden) was used to objectively measure general and perivascular fibrosis. To correct for vessel size, perivascular fibrosis is expressed as fibrotic area per artery outer diameter [14] . The average number of LV arteries examined per individual was 15 with an average outer diameter of 87±9 µm. All assessments were made by an investigator blinded to rat identity.
Study group B (n = 10 per group), cardiomyocyte hypertrophy, apoptosis and proliferation
Rats were killed by decapitation 10 weeks after study start and the heart was immediately excised and the LV immersion fixed and processed as described above. Using routine techniques transverse sections were prepared from all three parts (base, middle, and apical) of the LV. Images of sections were derived using an Olympus BX60 microscope as described above and measurements were made using the software BioPix iQ 2.0 by an investigator blinded for rat identity.
Left ventricular cardiomyocyte hypertrophy (group B). Cardiomyocyte hypertrophy was determined on sections stained with fluoresceinisothiocyanate (FITC)-conjugated wheat germ agglutinin (WGA, Vector Laboratories, Burlingame, CA, USA) to delineate the cell membrane, and with DAPI (Vectashield mounting medium, Vector Laboratories, Burlingame, CA, USA) to visualize cell nuclei. Sections were permeabilisized using 0.1 % Triton before being incubated with FITC-conjugated WGA (0.5 mg/ml) for 30 minutes in room temperature. From each level of the LV two sections were examined from each rat and a magnification x 40 was used. A total number of 50 longitudinally oriented cardiomyocytes, with well-defined cell membranes, and visible cell nuclei, were analyzes in each rat. The cell diameter was measured through the cell nuclei and was used a measure of cell size.
Left ventricular apoptosis and proliferation (group B)
. Apoptotic cells were detected in situ on paraffinembedded sections by the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) method using the ApopTag peroxidase in situ apoptosis detection kit according to the manufacturer's instructions (Merck KGaA, Darmstadt, Germany). For TUNEL detection the DAB peroxidase substrate kit (SK-4100, Vector Laboratories, Burlingame, CA, USA) was used.
Proliferating cells were detected on paraffin-embedded sections by immunohistochemistry using a mouse monoclonal anti-proliferating cell nuclear antigen (PCNA) antibody (ab 29, Abcam, Cambridge, UK). Heat-mediated antigen retrieval was performed using a citrate buffer 0.01 M. Sections were incubated with primary antibody using a 1:5000 dilution for 80 minutes in room temperature. For detection the MACH 3 mouse alkaline phosphatase polymer kit was used with Vulcan Fast Red as chromogen (M3M53G, Biocare Medical, Concord, CA, USA).
From each level of the LV one section was examined for apoptosis, and proliferation, respectively, from each rat. The number of TUNEL-positive cells, and PCNA-positive cells, were counted in 10 randomly selected visual fields using a 20x magnification. The total number of cardiomyocytes was also counted in sections stained by the TUNEL method and data on TUNEL-positive cells are presented as percent of positive cells in relation to the total amount of cardiomyocytes.
To verify that TUNEL-positive cells were apoptotic we examined if these cells also expressed cleaved caspase-3 by double immunohistochemistry staining on the same section. Paraffin-embedded sections from two rats were used and heat-mediated antigen retrieval was performed in a 0.01 M citrate buffer. TUNEL staining was performed using the ApopTag Plus fluorescein in situ apoptosis detection kit (Chemicon, S7111) according to instructions. Subsequently sections were incubated with cleaved caspase-3 antibody (ab 9661, Cell Signaling Technology, Danvers, MA, USA) using a 1:500 dilution for 60 minutes in room temperature. For detection, the DyLight 549 goat anti-rabbit IgG antibody kit was used (Vector Laboratories, Burlingame, CA, USA). Vectashield mounting medium with DAPI was used to visualize cell nuclei (H-1200, Vector Laboratories, Burlingame, CA, USA). Sections were analyzed by fluorescence microscopy using a three bands filter.
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Failure protein preparation and Western blotting were carried out as previously described in detail [15] . The primary antibodies employed were rabbit anti-collagen-1 alpha-1 (COL1A1), rabbit anti-intercellular adhesion molecule-1 (ICAM-1), rabbit anti-vascular cell adhesion molecule-1 (VCAM-1), rabbit anti-sodium-calcium exchanger-1 (NCX-1) and rabbit anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH), all from Santa Cruz Biotechnology, Texas, USA). Additional primary antibodies were rabbit anti-monocyte chemotactic protein-1 (MCP-1, Nordic Biosite AB, Stockholm, Sweden), and rabbit anti-bone morphogenetic protein-4 (BMP4) and mouse anti-sarcoplasmic reticulum Ca 2+ -ATPase (SERCA2), both from Abcam, Cambridge, UK. Imaging analysis was performed using Image Lab 5 software (Bio-Rad) and values were normalized to GAPDH as an internal control. Results are presented as relative abundance and are expressed as fraction of control values within the same membrane.
Biochemical analyses
Plasma concentrations of creatinine, sodium, potassium, calcium and phosphate were determined by a Modular P800 Cobas C 701/502 analyzer (Roche/Hitachi, Roche Diagnostics GmbH, Mannheim, Germany).
Statistics
All values are means ± SD. Differences between means were analyzed using paired or un-paired Student's t-test where appropriate and a significance level of 5% was used. Bonferroni correction was used to correct for multiple comparisons where appropriate. Chi-square test was used for categorical data. Statistical analyses were performed with GraphPad Prism v. 5.03 (San Diego, CA, USA) and SPSS 17.0 (SPSS Inc., Chicago, Illinois, USA).
Statement of Ethics
This study was performed on rats, and all experiments were approved by the regional ethics committee in Gothenburg, Sweden.
Results
Kidney function and general characteristics (Table 1)
Left ventricular weight was significantly elevated in ACRF rats whereas there were no statistically significant differences between groups in body weight or right ventricular weight.
Plasma concentrations of creatinine and potassium were clearly elevated in ACRF rats. There were no statistically significant differences between groups regarding plasma concentrations of sodium, calcium or phosphate.
Echocardiography of LV morphology and function (Table 2)
Stroke volume and cardiac output were significantly elevated in ACRF rats vs. controls. Left ventricular ejection fraction (p=0.053) and fractional shortening (p=0.055) were not significantly different between groups although values were numerically elevated in ACRF rats vs. controls. Left ventricular end-diastolic diameter did not differ significantly between groups. However, end-systolic diameter was significantly reduced in ACRF rats vs. controls. Thickness of the LV anterior wall was significantly elevated 
Echocardiographic indices of diastolic function and tissue Doppler velocities
Rats with ACRF showed a significant decrease in e, and an increase in a, resulting in a marked decrease in the e/a ratio, vs. controls (Table 3 ). In addition, the E/e ratio and left atrial diameter measured at the end of systole were both significantly elevated in ACRF rats indicating LV diastolic dysfunction (Fig.  1) . There was no statistical significant difference between groups in LV tissue velocity during systole (s) ( Table 3) .
Left ventricular and aortic pressures (Table 4)
Systolic pressure, and pulse pressure, in the ascending aorta were significantly elevated in ACRF rats vs. controls. Both LV end-diastolic pressure (LVEDP) and LV systolic blood pressure (LVSBP) were significantly elevated in ACRF rats vs. controls. Maximal rates of LV pressure change during systole (dp/dt max), and diastole (dp/dt min) were both significantly increased in ACRF rats vs. controls.
Left ventricular morphology (Table 5)
There were statistically significant increases in cardiomyocyte diameter (Fig. 2) , and in the number of PCNA-positive (Fig. 3) and TUNEL-positive cells in the LV of ACRF rats vs. controls, while there was no statistically significant difference between groups regarding fibrosis. PCNA-positive cells were mainly localized adjacent to the microvasculature and in between cardiomyocytes indicating that proliferating cells were predominantly noncardiomyocytes (Fig. 3) . TUNEL-staining and cleaved caspase-3 co-localized in cardiomyocytes clearly indicating that these cells were undergoing apoptosis (Supplemental Fig. 1 and 2 ). For all supplemental material see www.karger.com/ doi/10.1159/000491056.
Left ventricular proteins (Western blotting)
There were no statistically significant differences between groups in protein levels of COL1A1, MCP-1, ICAM-1, VCAM-1, BMP-4, SERCA-1 or NCX-1 (Supplemental Fig. 3-5) . Table 5 ). Magnifications were x20. Table 4 . Pressures in the ascending aorta and left ventricle. Values are means ± SD. Data from pairfed control rats (controls) and rats with adenineinduced chronic renal failure (ACRF) at 12-13 weeks after study start (see Methods). SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; MAP, mean arterial pressure; LVEDP, left ventricular end diastolic pressure; LVSBP, left ventricular systolic blood pressure; LVDBP, left ventricular diastolic blood pressure; dp/dt max, maximal rate of pressure increase in the left ventricle; dp/dt min, minimal rate of pressure increase in the left ventricle. * P<0.05, ** P<0.01, ***P<0.001
Heart rate (bpm) 353 ± 25 342 ± 24
Ascending aortic SBP (mmHg) 128 ± 7 140 ± 7 ** Ascending aortic DBP (mmHg) 90 ± 7 91 ± 7
Ascending aortic PP (mmHg) 37 ± 6 49 ± 2 *** Ascending aortic MAP (mmHg) 103 ± 6 108 ± 7 LVEDP (mmHg) 8 ± 1 15 ± 5*** LVSBP peak (mmHg) 125 ± 6 138 ± 10** LVDBP min (mmHg) -1.7 ± 0.9 -3.2 ± 2.5 dp/dt max (mmHg/s) 7428 ± 624 9529 ± 2331* dp/dt min (mmHg/s) -9615 ± 890 -10637 ± 746*
Discussion
The main finding in the present study was that rats with ACRF developed LV diastolic dysfunction although systolic function was preserved and cardiac output even elevated compared to controls with normal kidney function. In addition, rats with ACRF showed cardiomyocyte hypertrophy, and increased apoptosis in the LV. The cardiac phenotype in ACRF rats resembles heart failure with preserved ejection fraction (HFpEF) that is a common disorder in patients with CKD [16] . Hence, this experimental model seems to be well suited for investigating pathophysiological mechanisms of heart failure in CKD.
The clinical relevance of the ACRF model is supported by studies demonstrating a high prevalence of CKD in patients with HFpEF [16, 17] . Furthermore, patients with early stages of CKD specifically develop signs of LV diastolic dysfunction prior to the onset of clinical heart failure manifestations [18] suggesting that reduced GFR may contribute to the development of HFpEF. Although the LV abnormalities described in the present study show resemblances to those observed in rats or mice with CKD caused by 5/6 nephrectomy [19] [20] [21] the ACRF model may have several advantages in addition to not requiring surgery. Rats subjected to 5/6 nephrectomy typically develop only a relatively modest decrease GFR and consequently secondary metabolic changes such as alterations in mineral and bone metabolism are not as pronounced as in ACRF rats [19, [22] [23] [24] . In addition, severe hypertension is a characteristic feature of most 5/6 nephrectomy models [23, 25] , which makes it difficult to distinguish whether cardiovascular abnormalities are primarily caused by high blood pressure or reduced kidney function.
The increase in cardiac output in ACRF rats was mainly a consequence of elevated stroke volume as heart rate was unaltered. In previous studies we have demonstrated that hypertensive ACRF rats have markedly reduced GFR and suppressed plasma renin levels [12] , suggesting that they are volume expanded. However, in the present study echocardiography revealed that LVEDd was unchanged, whereas LVESd tended to be reduced, in ACRF rats compared to controls. This observation indicates that LV stroke volume was elevated largely due to enhanced contractility and not caused by increased end-diastolic filling volumes. In support of this notion, LV dp/dt max was significantly increased in ACRF rats. We have previously demonstrated that ACRF rats have anemia [5] , which may cause a hyperdynamic circulation by increasing stroke volume [26] . A number of studies have shown that chronic renal failure is associated with sympathetic activation [27] and it is possible that elevated cardiac sympathetic nerve activity contributed to increased inotropy and elevated stroke volume. The mechanisms causing the increased contractility clearly need to be investigated further. In accord with our results Diwan et al. [28] showed in a similar model that male ACRF rats developed LV hypertrophy with preserved EF measured by echocardiography. . In controls the number of PCNA-positive cells was very few. In rats with adenine-induced chronic renal failure (A-CRF) PCNA-positive cells (red) were mainly localized adjacent to the microvasculature and in between cardiomyocytes indicating that these cells were predominantly non-cardiomyocytes (see arrows Fig. 2C ). Numerical data are presented in Table 5 .
Interestingly, female rats subjected to an identical adenine-diet showed a different cardiac phenotype with eccentric LV hypertrophy and reduced EF [28] . However, these gender differences in LV morphology and function were likely explained by the fact that female ACRF rats developed a much less severe renal injury, and less pronounced hypertension, compared to male ACRF rats.
Together, our echocardiographic data and invasive LV pressure measurements indicate that LV diastolic function was impaired in ACRF rats. Using tissue Doppler imaging, rats with ACRF showed a significant reduction in early diastolic annular velocity, e. In addition, the E/e ratio was significantly elevated in ACRF rats suggesting increased diastolic filling pressures. Left ventricular pressure recordings confirmed that LVEDP was significantly elevated in ACRF rats. In accord with these data, left atrial diameter was increased in ACRF rats indicative of chronic diastolic dysfunction and a prolonged elevation in filling pressure [29] . Notably, ACRF rats did not have an increase in LVEDd suggesting that the increase in LV filling pressure was not caused by elevated diastolic volume, but rather by decreased tissue compliance. Rats with ACRF had increased LV weights and morphometric analysis revealed cardiomyocyte hypertrophy. Cardiomyocyte hypertrophy may be directly linked to decreased LV compliance and diastolic dysfunction [30] . In different animal models of LVH isolated cardiomyocytes have shown impairments in cytosolic calcium handling during diastole that may slow relaxation [30, 31] . Interestingly, we have previously demonstrated a decreased relaxation rate in thoracic aortas of rats with ACRF [15] . Further analyses showed that intracellular Ca 2+ handling was altered in vascular smooth muscle cells (VSMCs) of thoracic aortas and associated with abnormal expression of proteins involved in VSMC cytosolic Ca 2+ clearance such as SERCA2 [15] . However, in contrast to our findings in thoracic aortas, the expression of SERCA2 was not significantly reduced in the LV of ACRF rats in the present study. Furthermore, and somewhat surprisingly, LV dp/dt min was actually increased in ACRF rats suggesting an enhanced LV relaxation rate. Hence, different mechanisms seem to be responsible for the decreased relaxation rate in the thoracic aorta, and LV diastolic dysfunction, in ACRF rats. We believe that our data on LV dp/dt should be interpreted with caution considering that both preload and afterload may have substantial effects on this variable [32] .
We hypothesized that ACRF rats might have increased LV fibrosis and that this contributed to diastolic dysfunction. We have previously shown that plasma aldosterone, which exerts pro-fibrotic effects [33, 34] is significantly elevated in ACRF rats [5] . However, using careful morphometrical analyses we did not detect a significant difference between groups in LV fibrosis in the present study. This is in agreement with our previous results in ACRF rats on a normal dietary NaCl intake [13] . In line with the histological data, LV protein expression of COL1A1 was not significantly increased in ACRF rats. Furthermore, levels of ICAM-1, VCAM-1 and BMP4, proteins known to be involved in LV inflammation and fibrosis [35, 36] , were also not significantly altered in the LV of ACRF rats in the present study. Hence, LV diastolic dysfunction in ACRF rats was not explained by enhanced tissue fibrosis.
Presumably, hemodynamic mechanisms, such as elevated LV afterload, were a major cause of LVH in ACRF rats. Systolic blood pressure in the ascending aorta was significantly elevated and we have previously shown that ACRF rats have an increased aortic PWV [12] . However, several non-hemodynamic factors have also been suggested to cause LVH in CKD, e.g. aldosterone [33, 34] and fibroblast growth factor-23 [37] , which both are elevated in the ACRF model [5, 38] . In addition to hypertrophy, there was a marked increase in LV cell proliferation in ACRF rats (≈ 5-fold increase in the number of PCNA-positive cells vs. controls). However, PCNA-positive cells were mainly localized in the surrounding of the microvasculature, and in between cardiomyocytes, clearly indicating that proliferating cells were non-cardiomyocytes and presumably fibroblasts or inflammatory cells.
Our finding of an increased apoptosis of cardiomyocytes in the LV of ACRF rats is corroborated by similar results in other experimental CKD models [39, 40] . Martin et al. [39] found increased apoptosis, and marked alterations in the expression of genes regulating apoptosis by microarray analysis, in the LV of rats with mild kidney dysfunction caused by unilateral nephrectomy [39] . The mechanisms causing LV apoptosis in CKD are yet to be defined but are likely multifactorial.
Conclusion
ACRF rats developed LV hypertrophy and diastolic dysfunction with preserved systolic function. These abnormalities resemble LV dysfunctions in patients with CKD in which HFpEF is common. Hence, the ACRF model seems to be suitable for investigating pathophysiological mechanisms leading to heart failure in CKD.
